ABSTRACT: The objective of this research was to determine the effect of vaccination against porcine circovirus type 2 (PCV2) on ejaculate characteristics, PCV2-specific antibody titers in serum, viremia, and viral shedding in the semen of PCV2-positive boars. Before vaccination, all boars were confirmed by PCR to be naturally infected with PCV2. The boars were vaccinated with a commercial killed vaccine against PCV2 (n = 5) or served as controls and received 2 mL of 0.9% saline (n = 5). Semen and blood samples were collected before vaccination at wk 0 and at 7-d intervals thereafter until wk 8. Sperm concentration and characteristics of sperm motility were assessed using a computerassisted sperm analysis system, and sperm morphology was evaluated using light microscopy after staining. The PCV2 antibody titers were determined in serum using an ELISA, and the genomic copy numbers of PCV2 DNA in serum and semen were determined by real-time PCR. In general, there were no effects of treatment or treatment × week on semen or sperm characteristics (P > 0.10). An effect of treatment × week was detected for serum antibody titers (P < 0.01). Compared with controls, PCV2 antibody titers in vaccinated boars were less (P < 0.01) at wk 7 (1.01 ± 0.05 titer/mL vs. 1.23 ± 0.05 titer/mL) and tended (P = 0.07) to be less at wk 8 (1.05 ± 0.05 titer/mL vs. 1.17 ± 0.05 titer/mL). There were no effects of treatment or treatment × week for serum and semen genomic copy numbers of PCV2 DNA (P > 0.10). There was a tendency (P = 0.09) for an effect of week on serum viral load. It was evident that during this experiment, boars experienced reoccurring PCV2 infection, and the detection of an increased PCV2 DNA load in serum preceded that in semen; the duration of reoccurring infection appeared to be less in vaccinated boars compared with controls. In summary, vaccination against PCV2 can reduce antibody titers when given postinfection and has no dramatic effect on indicators of semen quality. Vaccination against PCV2 in naturally infected boars can also decrease the length of reoccurring infection and decrease the duration of viral shedding in semen.
INTRODUCTION
Porcine circovirus (PCV) belongs to the family Circoviridae and is a small, nonenveloped DNA virus that was first discovered as a contaminant of the porcine kidney PK-15 cell line and was later named PCV type 1 (Tischer et al., 1974) . Porcine circovirus type 1 infected pigs but was not pathogenic (Allan et al., 1995) . A variant strain of PCV, PCV type 2 (PCV2), was first described in 1998 when the virus was associated with postweaning multisystemic wasting syndrome in pigs, now collectively known as PCV-associated diseases (PCVAD), although the existence of PCV2 can be traced as far back as 1969 in Belgium (Allan et al., 1998; Opriessnig et al., 2007) .
Two subtypes of PCV2 are currently known. Porcine circovirus type 2a is found predominantly in North America, whereas PCV2b is found in Europe, Asia, and North America. Currently, PCV2b is the most prominent subtype worldwide. It has been reported that no difference in virulence exists between the PCV2a and PCV2b subtypes (Gagnon et al., 2007; Gillespie et al., 2009 ).
An outbreak of PCVAD costs producers on average $3 to $4 per pig, with the greatest losses approaching $20 per pig (Gillespie et al., 2009 ). Thus, PCVAD is an economically important swine disease. A critical need exists for research determining the mechanisms by which the virus is spread among swine and for the development of management strategies to mitigate the effects of the disease. Artificial insemination is the predominant method of breeding swine in the United States, and the potential exists for PCV2 to be spread through commercial sow operations by boar semen. Kim et al. (2001) and Pal et al. (2008) , using nested and real-time quantitative PCR, detected DNA from the 2 subtypes of PCV2 in boar ejaculates. Because the majority of boars are naturally infected by PCV2, it is important to assess whether vaccinating naturally infected boars with a commercial PCV2 vaccine still has a beneficial effect. The objective of the study reported herein was to determine the effect of vaccination against PCV2 on ejaculate characteristics, antibody titers in serum, viremia, and viral shedding in the semen of PCV2-positive boars.
MATERIALS AND METHODS
The experiment was conducted at the Virginia TechTidewater Agricultural Research and Extension Center in Suffolk, and the protocol was approved by the Institutional Animal Care and Use Committee of Virginia Tech.
Animals
Ten American Landrace boars (Smithfield Premium Genetics, Warsaw, NC) were housed in a curtain-sided barn and kept in individual pens (4.5 m 2 ) with a combination of solid concrete and steel rod flooring. Boars had ad libitum access to water and were fed 2.27 kg of a fortified corn-and soybean meal-based diet daily that met or exceeded NRC (1998) recommendations for the various nutrients (Table 1) . At approximately 7 mo of age, boars were trained to mount an artificial sow for semen collection. Before the beginning of the study, all animals were determined by nested PCR to be PCV2-positive because of natural infection.
Sampling and Vaccination
Ejaculates were collected by the gloved-hand technique at 7-d intervals from wk 0 (first collection) to wk 8 (total of 9 collections from each boar). On each collection day, semen was collected between 0800 and 1000 h. During collection, semen was filtered (US BAG, Minitube of America Inc., Verona, WI) to remove the gel fraction of the ejaculate. Blood samples (10 mL) were collected via jugular venipuncture into 16 × 100 mm glass tubes (Becton Dickinson, Rutherford, NJ) with no preservative, and serum was harvested after centrifugation (4°C; 30 min at 400 × g). Blood was sampled at 7-d intervals from wk 0 to 8 (9 samples from each boar).
After the wk-0 collections, boars (n = 5) each received an intramuscular injection, in the muscle of the neck behind the ear, of 2 mL of a killed vaccine (Suvaxyn PCV2 One Dose, Fort Dodge Animal Health, Fort Dodge, IA; Opriessnig et al., 2007) or served as sham-vaccinated controls and received 2 mL of a 0.9% sterile saline solution intramuscularly (n = 5).
Evaluation of Semen and Sperm Cell Characteristics
Gel-free volume and gel weight were determined gravimetrically by using a top-loading balance (Acculab, Minitube of America Inc.). Samples of semen were diluted 1:5 in Androhep-Lite (Minitube of America Inc.) and were then loaded into a Leja standard count 4-chamber slide (IMV USA, Maple Grove, MN), and sperm concentration and characteristics of sperm motility were determined using a computer-assisted sperm analysis system (CASA; Integrated Visual Optical System, Hamilton Thorne Research, Beverly, MA). The following characteristics of sperm motility were determined: percentages of motile and progressively motile sperm; path velocity corresponding to the average ve- locity of the smoothed cell path (VAP); progressive velocity, defined as the average velocity measured in a straight line from the beginning to the end of the track (VSL); track speed, defined as the average velocity measured over the actual point-to-point track followed by the cell (VCL); amplitude of lateral head displacement, corresponding to the mean width of the head oscillation as the sperm cell swam; frequency with which the sperm track crossed the sperm path; straightness (average value of the ratio VSL:VAP), which measured the departure of the sperm cell path from a straight line; linearity (average value of the ratio VSL:VCL), which measured the departure of the cell track from a straight line; average value of the ratio of minor to major axes of all sperm heads (Elong); and the average size of all sperm heads (area; Hamilton Thorne, 2008) .
Percentage of spermatozoa with normal morphology was determined by using a light microscope (1,000×) after semen samples were eosin-stained and dried (Tsakmakidis et al., 2010) . Abnormalities included abnormal heads, abnormal tails, detached heads, bent tails, proximal droplets, distal droplets, or other. Other was defined as not meeting the criteria for the other classifications. A total of 100 spermatozoa from each weekly ejaculate were evaluated by a single investigator without knowledge of the treatment groups of boars from which the samples were obtained.
Detection of PCV2 Antibodies and Quantification of PCV2 DNA in Serum and Semen
All serum and semen samples were tested at the Iowa State University Veterinary Diagnostic Laboratory (Ames, IA) for PCV2 IgG antibody titers (serum) and for the amounts of PCV2 DNA (serum and semen). The PCV2 antibody titers in serum were determined by an open reading frame-2-based PCV2 ELISA, which measured the presence of anti-PCV2 IgG antibodies, as described previously (Nawagitgul et al., 2002) . Serum samples with a sample-to-positive ratio equal to or greater than 0.2 were considered positive.
All semen and serum samples were also tested for the presence and amount of PCV2 genomic DNA by quantitative real-time PCR. Results were expressed as genomic copy number per milliliter, as described previously (Opriessnig et al., 2003) .
Statistical Analysis
Data were analyzed using the GLM procedure (SAS Inst. Inc., Cary, NC). Data were subjected to ANO-VA for a repeated-measures design using a model that included treatment, week, and treatment × week as possible sources of variation. Treatment was tested using boar within treatment as the error term. Week was tested against treatment × week. Individual means were compared using preplanned pairwise contrasts (PDIFF option of the GLM procedure of SAS).
RESULTS
Many semen and sperm cell characteristics were affected by week (P < 0.05); however, there were no effects of treatment or treatment × week (P > 0.10; Tables 2 and 3 ). There were tendencies for an effect of treatment on head abnormalities (P = 0.09; Table 3 ) and of treatment × week (P = 0.07) on Elong, with values for the different weeks generally being greater for vaccinated boars compared with controls (Figure 1) .
There was an effect of treatment × week (P < 0.01) for serum PCV2 IgG antibody titers, as shown in Figure 2 . Antibody titers increased in the control boars, but not the vaccinated boars, and the vaccinated group had smaller (P < 0.01) serum antibody titers at wk 7 compared with the control group. At wk 8, the vaccinated group tended (P = 0.07) to have smaller serum antibody titers compared with the controls.
There were no effects of treatment, week, or treatment × week (P > 0.10) for serum or semen genomic copy number of PCV2 DNA. However, there was a tendency (P = 0.09) for an effect of week on PCV2 viral load in serum. Figure 3 shows genomic copy numbers in serum and semen for data pooled between treatments over time, providing evidence that boars in this experiment experienced reoccurring PCV2 infection and that the detection of increased PCV2 DNA in serum preceded that in semen. 
DISCUSSION
Before the beginning of the study, all boars were tested positive by PCR for natural PCV2 infection. After vaccination, serum IgG antibodies gradually decreased in the vaccinated group but gradually increased in the nonvaccinated controls. Although there was no effect of treatment × week for the PCV2 viral load in serum, visual inspection of the profiles suggested a shorter duration of reoccurring infection in the vaccinated boars compared with controls. Thus, the increase in antibody titers in unvaccinated controls may represent the immune response to new PCV2 infection. The fact that vaccination appeared to decrease the length of reoccurring infection suggests a beneficial effect of vaccination, even in boars already naturally infected by PCV2 before vaccination. In addition, the decrease in serum IgG antibodies to PCV2 in the vaccinated group suggests that a suppression of new or recurring infection occurred in the vaccinated pigs. Antiviral agents that render semen free of viruses have not been adopted for use in the swine AI industry. Conditions during the storage, handling, and utilization of fresh boar semen, however, provide a favorable environment for the preservation and spread of viral pathogens in swine (Guérin and Pozzi, 2005) . Strategies have been implemented that have resulted in specific viral pathogen-free AI centers (Dee and Deen, 2001 ). These approaches have relied mainly on biosecurity protocols, quarantine periods, and testing serum, semen, or both for specific pathogens, such as for the virus causing porcine reproductive and respiratory syndrome (PRRS) and subsequent culling of positive animals (Dee and Deen, 2001; Guérin and Pozzi, 2005; Madson et al., 2008) . It has been reported that PCV2 can be shed into semen as PCV2a and that PCV2b DNA have been detected in ejaculates of boars (Kim et al., 2001; . The results of the current study are consistent with these previous findings. Madson et al. (2008) showed that shedding of PCV2 into boar semen was not intermittent, and in their study, once shedding ceased, it did not resume. These same investigators also reported that the length of time PCV2 was shed into semen varied greatly among individual boars. Using a bioassay during which raw semen from PCV2-positive boars was administered to gilts via intraperitoneal injection, Madson et al. (2009a) demonstrated that the PCV2 DNA in semen was infectious. However, the dose of PCV2 that was infectious in the bioassay did not cause infection in gilts after AI. The authors suggested that route of exposure may have a role in transmission of PCV2, and they also speculated that the lack of infection caused by AI with PCV2-positive semen could be because the semen was diluted with extender (Madson et al., 2009a) . When semen spiked with PCV2 was used for AI, all gilts exposed were determined to be positive for PCV2 antibodies, and reproductive failure was observed when these females carried to term. Indeed, an increase in Table 2 . Characteristics of semen in control boars (n = 5) and boars vaccinated against porcine circovirus type 2 (n = 5) that was collected at 7-d intervals for 8 wk (presented as least squares means) 12.8 0.4 0.72 0.14 0.59 1 VAP = path velocity of the smoothed cell path; VSL = average velocity measured in a straight line from the beginning to the end of track; VCL = average velocity measured over the actual point to point track followed by the cell; ALH = amplitude of lateral head displacement corresponding to the mean width of the head oscillation as the sperm swam; BCF = frequency with which the sperm track crossed the sperm path (i.e., frequency of the sperm head crossing the sperm average path in either direction); STR = average value of the ratio VSL:VAP (measured the departure of the cell path from a straight line); LIN = average value of the ratio VSL:VCL (measured the departure of the cell track from a straight line); Elong = average value of the ratio of minor to major axes of all sperm heads; area = average size of all sperm heads.
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Six billion sperm cells/AI dose. Table 3 . Morphology of sperm in control boars (n = 5) and boars vaccinated against porcine circovirus type 2 (n = 5) that was collected at 7-d intervals for 8 wk (least squares means are presented) stillborn pigs and mummified fetuses was observed in the gilts mated with semen containing increased PCV2 titer (Madson et al., 2009b) . Pittman (2008) suggested, based on a case study conducted at a large commercial sow operation, that differential diagnosis of abortions, mummified fetuses, and stillborn piglets should include PCV2, particularly when gilts are predominantly affected.
In the current study, various indicators of semen and sperm quality were evaluated, including characteristics of sperm motility as determined using a CASA system. Consistent with previous reports (Estienne et al., 2008; Castellano et al., 2010) , we detected significant effects of time (i.e., week) of collection on numerous sperm characteristics irrespective of treatment. Measures of sperm motion are known to be important correlates to fertility. The VCL was shown to be the most significant predictor of fertility (Larsen et al., 2000) in humans, and VAP and VCL have been shown to be positively correlated with litter size in swine (Holt et al., 1997) . Other CASA variables, such as VSL, STR, and amplitude of lateral head displacement, have been reported previously to be predictors of cervical mucus penetration, although in swine, this is not necessarily an issue because semen is deposited in the anterior cervix and uterus and spermatozoa may not encounter cervical mucus (Mortimer, 1994) . The design of our study did not allow us to determine the effects of PCV2 infec- Figure 1 . Average value of the ratio of minor to major axes of all sperm heads (Elong) in semen from boars vaccinated against porcine circovirus type 2 (n = 5) and control boars (n = 5). Semen samples were collected at 7-d intervals for 8 wk. There was a trend for an effect of treatment × week (P = 0.07). Least squares means are presented, and SE = 0.983. Figure 2 . Serum antiporcine circovirus type 2 (PCV2) IgG antibody titers (sample-to-positive ratio) for control boars (n = 5) and boars vaccinated against PCV2 (n = 5). Blood samples were collected once weekly for 8 wk via jugular venipuncture. There was an effect of treatment × week (P < 0.01). Within a week, values marked with an asterisk (*) differ or tend to differ between treatments (wk 0, P = 0.09; wk 2, P < 0.01; wk 7, P < 0.01; wk 8, P = 0.07). For control boars, values marked with a dagger ( †) differ (P < 0.01) from the wk 0 value. For vaccinated boars, the wk 7 value [indicated by a gamma (γ)] tended to differ (P = 0.09) from the wk 0 value. Least squares means are presented, and SE = 0.05. tion itself on reproduction in boars because all animals were positive for PCV2 and no PCV2-free animals were used. However, values for the various semen and sperm characteristics were within normal ranges and are consistent with previous reports from our laboratory (Estienne and Harper, 2004; Estienne et al., 2008) . In general, there were no effects of treatment or treatment × week on semen characteristics, including sperm morphology, suggesting that vaccination had no negative effect on measurements of semen quality in boars. However, the tendency for increased Elong and an increased proportion of sperm cells with head abnormalities in vaccinated boars warrants further scrutiny. Vaccination of boars against some pathogens, such as the PRRS virus, has been shown to have negative effects on semen characteristics (Christopher-Hennings et al., 1997) .
In summary, this research is consistent with the concept that vaccinating PCV2-positive boars with a commercially available PCV2 vaccine either prevents reoccurring PCV2 infection or decreases the duration of reoccurring infection. Therefore, vaccination of boars, even those already infected with PCV2, is still of value. These findings, however, need to be substantiated in commercial trials using larger numbers of boars. It is likely that AI is a possible route of transmission of disease associated with PCV2. Therefore, vaccinating boars against PCV2 could limit the exposure of sows. Finally, under the conditions of this study, vaccination against PCV2 had no dramatic negative effects on predictors of boar fertility. Figure 5 . Porcine circovirus type 2 (PCV2) genomic copies in the semen of boars vaccinated against PCV2 (n = 5) or that served as sham-vaccinated controls (n = 5). There were no effects of treatment, week, or treatment × week (P > 0.10). Least squares means are presented, and SE = 22.9.
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